Smooth muscle cell (SMC) proliferation is a hallmark of vascular injury and disease. Global hypomethylation occurs during SMC proliferation in culture and in vivo during neointimal formation. Regardless of the programmed or stochastic nature of hypomethylation, identifying these changes is important in understanding vascular disease, as maintenance of a cells' epigenetic profile is essential for maintaining cellular phenotype. Global hypomethylation of proliferating aortic SMCs and concomitant decrease of DNMT1 expression were identified in culture during passage. An epigenome screen identified regions of the genome that were hypomethylated during proliferation and a region containing Collagen, type XV, alpha 1 (COL15A1) was selected by 'genomic convergence' for characterization. COL15A1 transcript and protein levels increased with passage-dependent decreases in DNA methylation and the transcript was sensitive to treatment with 5-Aza-2 ′ -deoxycytidine, suggesting DNA methylation-mediated gene expression. Phenotypically, knockdown of COL15A1 increased SMC migration and decreased proliferation and Col15a1 expression was induced in an atherosclerotic lesion and localized to the atherosclerotic cap. A sequence variant in COL15A1 that is significantly associated with atherosclerosis (rs4142986, P 5 0.017, OR 5 1.434) was methylated and methylation of the risk allele correlated with decreased gene expression and increased atherosclerosis in human aorta. In summary, hypomethylation of COL15A1 occurs during SMC proliferation and the consequent increased gene expression may impact SMC phenotype and atherosclerosis formation. Hypomethylated genes, such as COL15A1, provide evidence for concomitant epigenetic regulation and genetic susceptibility, and define a class of causal targets that sit at the intersection of genetic and epigenetic predisposition in the etiology of complex disease.
INTRODUCTION
Vascular smooth muscle cells (SMCs) are an essential structural component of the artery and provide the necessary contractile function to maintain blood flow (1) . The cells themselves lay quiescent until activated by a number of events at the onset of atherosclerosis (2) . Activation leads to SMC proliferation and migration into the intima and through a complex cascade of events involving multiple cell types ultimately the production of an atherosclerotic plaque (2) . SMCs have the ability to change between different phenotypic states (3), and thus, play a number of roles in vessel stability and disease. Therefore, these cells make for an exquisite model for the study of epigenetic changes associated with their phenotypic plasticity and disease.
One of the key features of a stable atherosclerotic plaque is the presence of a SMC-rich fibrous cap (4, 5) . SMCs isolated from the atherosclerotic plaque and fibrous cap are pre-senescent (6) and globally hypomethylated (7) . As such, they exhibit reduced proliferative capacity and lifespan (8) . The pre-senescent state can be achieved through multiple rounds of SMC replication in vitro (6) and comparison of early and late replicated cells has served as a model of SMC replicative aging (6, 9, 10) . In addition, like all cells that lack telomerase activity, SMCs have a lifespan that is limited by the number of cell divisions, resulting in replicative senescence (11) . Cell division requires the faithful replication of epigenetic marks such as histone modifications and DNA methylation, a process that cells undergoing replicative senescence do inefficiently (12) (13) (14) (15) .
Proliferation of SMCs has been linked to changes in DNA methylation, and these changes have been implicated in early atherosclerosis formation and coronary artery disease (CAD) (9, 16, 17) . This process has also been likened to the proliferative state of cancer cells within a solid tumor (18) . We hypothesized that DNA methylation changes in the proliferating SMC could regulate SMC phenotype, and that genetic variability within regions of DNA methylation change could account for some of the phenotypic variability and complexity of atherosclerosis. To test this hypothesis and initially characterize genomewide SMC DNA methylation, we sought to identify differential patterns of DNA methylation in replicating, pre-senescent SMCs.
We report herein regions of the genome that change DNA methylation state with SMC passage. Second, we have characterized a novel atherosclerosis gene, COL15A1, involved in SMC phenotype that is regulated by epigenetic state in passaged cells and present in atherosclerotic tissue. Finally, we have identified a common polymorphism associated with atherosclerosis in aged individuals that resides in an epigenetically regulated region of COL15A1 and show that its epigenetic modification correlates with the disease state.
RESULTS

Replicative senescence as a model of SMC aging
Aortic SMCs (AoSMCs) isolated from a 22-year-old male Caucasian (6F3685) were obtained frozen at Passage 3 from Lonza after undergoing eighteen population doublings (PDs). Cells were plated, counted and allowed to grow for 3 days to recover. These proliferating cells were then plated at 3500 cells per cm 2 in triplicate and grown to 80% confluence, which equated to 96 h in culture during exponential growth. This process was repeated until cells no longer reached 80% confluency. The first time point measured in triplicate was at Passage 5 (p5) and the last was at p17 (Fig. 1) . In order to identify the molecular changes that lead to senescence, we sought to obtain cells that were at early, pre-senescent states of aging. To do this, senescence was monitored by evaluating cell growth and cyclin D1 (CCDN1) gene expression, a known marker of SMC senescence and the pre-senescent state (19) . As previously reported (19) , changes in cell proliferation were apparent at 35-40 PDs (Fig. 1A, arrow) , whereas CCDN1 levels displayed a significant 8-fold increase between p5 and p8 consistent with a critical molecular change to the proliferating cells between 20 and 30 PDs (Fig. 1B) . We hypothesized that global change in DNA methylation may be an important molecular event that takes place before cells senesce, and that this change may be apparent by p8. We assayed global methylation levels in passaged SMCs using the LUMA assay (20) and detected a significant loss of methylation ( 5% of 2.4 million CpG sites assayed (21) ) between p5 and p8 (Fig. 1C) . We replicated this change in a genetically unique AoSMC line (7F4356) derived from a 21-year-old male Caucasian (Fig. 1D) . Concomitantly, we identified a decrease in expression of the maintenance methyltransferase DNMT1 at both the transcript (Fig. 1E ) and protein levels (Fig. 1F) . We have thus categorized p5 and p8 as young and aged, respectively, and refer to the assay as replicative aging.
A screen for epigenetic changes with SMC replicative aging
We sought to identify regions of the genome that change the DNA methylation state with SMC replicative aging. We hypothesized that DNA methylation changes associated with contextural aging in tissue are pivotal to the development of a complex disease. In order to identify these changes, we conducted an epigenome-wide screen for changes in DNA methylation with SMC replicative aging using a restriction enzyme-based methodology (22) . Briefly, DNA isolated from the previously characterized young and aged AoSMCs was subject to sequential digestion with SmaI and XmaI. XmaI adaptors were ligated on to XmaI ends, which represent methylated CG sites in the context of CCCGGG sequence across the genome. Young and aged samples were amplified, labeled and cohybridized to a human BAC microarray (23) . Three biological replicates of the same genetic background were assayed and hybridization of the young samples to themselves served as the baseline control. As this experiment was exploratory in nature, an a priori threshold of P ≤ 0.01 (two-tailed t-test) was used to detect significantly differentially methylated regions between young and aged cells without correction for multiple comparisons. The genes within these regions were mapped to the human genome assembly hg18/build36. A total of 344 regions were detected to change with AoSMC replicative age (P , 0.01, two-tailed t-test). Of that group, 176 were hypermethylated and 168 were hypomethylated in aged cells (Supplementary Material, Table S1 ).
Gene expression changes with aortic SMC replicative age and chemical demethylation
We hypothesized that candidates that show changes in genome level DNA methylation would also show concomitant changes in gene expression. As such, RNA isolated from young and aged SMCs was subjected to gene expression analysis by Illumina beadchip hybridization (48 687 probes assayed). Three biological replicates of the same genetic background were assayed for both young and aged SMC groups. In addition, each set of young and aged cells was treated with 5-Aza-2 ′ -deoxycytidine, a DNA demethylating agent, and RNA was isolated and assayed on the same bead chip as the other samples. Chemical demethylation ). Three hundred and forty-five probes overlapped between the two groups, indicating that the majority of epigenetic changes detected with passage were hypomethylation events.
Genomic convergence identifies COL15A1 as an epigenetically regulated target of aging
We combined gene lists sorted by uncorrected P-values from each experiment described (DNA methylation, gene expression changes with passage and gene expression changes with hypomethylation in young or aged cells) with a list of genes that change with disease in human aorta (24) . A single gene, COL15A1, exhibited significant loss of DNA methylation and increased gene expression with atherosclerosis and age, as well as a response to 5-Aza-2 ′ -deoxycytidine in young cells (summarized in Table 1 ). This was the only gene of the group that met all of the criteria. To assess significance across experiments, a meta-analysis was performed combining P-values from the differential methylation and passage expression experiments. Because the measures of expression and methylation are different in each dataset and the anticipated effects and effect sizes are very different in the two datasets, we created a summary measure of evidence across the two datasets using Fisher's formula to combine P-values for heterogeneous datasets (25) . Five genes met Bonferroni significance (Table 1 , bold line) including COL15A1. This suggests that epigenetic and gene expression changes in COL15A1 occur with replicative age and atherosclerosis, and that we have uncovered a novel molecule that may be involved in SMC phenotype and atherosclerosis. § P, repeated measures ANOVA, Bonferroni's multiple comparison test * P , 0.05, * * P , 0.01; † P, paired t-test, two-tailed.
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Validation of COL15A1 epigenetic and expression changes
To verify our DNA methylation results, bisulfite-cloned sequencing was performed on young and aged aortic SMCs at the 33 SmaI (CCCGGG) sites contained within the clone containing COL15A1 (Chr9tp-4G1) that was identified in the DNA methylation screen ( Fig. 2A) . No fewer than 20 clones were sequenced for each sample and site (Supplementary Material, Table S4 ). This analysis identified 13 sites that lost methylation with age; however, two regions contained groups of sites: 6, 8, 9; and 30, 31, 32 (underlined in Fig. 2D ), where at least two SmaI sites that changed were within 3000 bp of one another, allowing for the amplification of a double stranded molecule in the assay used to screen the genome. These sites cluster in two regions of the gene: upstream of the transcription start site (sites 6, 8 and 9) and at the 3 ′ end of the gene within the introns that surround exon 31 (sites 30 and 31); site 32 falls within exon 35. We also performed quantitative real-time PCR (RT-PCR) to detect COL15A1 gene expression changes with age ( Fig. 2B ) and with 5-Aza-2 ′ -deoxycytidine treatment (Fig. 2C) . We validated these changes in a second SMC line previously described and show hypomethylation with passage at sites 8 and 32 ( Fig. 2E ) with concomitant changes in transcription (Fig. 2F ) and protein levels of COL15A1 (Fig. 2G) . The directionality of the gene expression and DNA methylation changes suggests that hypomethylation of COL15A1 can lead to increases in gene expression with replicative age in SMCs.
COL15A1 levels affect aortic SMC phenotype
In our model of replicative aging, aging of SMCs requires proliferation; therefore, we hypothesized that COL15A1 levels may regulate the proliferation of SMCs, thus changing the migratory state of the cell. To test this hypothesis we reduced the levels of COL15A1 in the cell using siRNA (Fig. 3A and B ) and compared the proliferative and migratory abilities of these cells to a knockdown control that expresses COL15A1 at normal levels. Cells with decreased levels of COL15A1 displayed a reduction in proliferation ( Fig. 3C ) and an increase in migration to fibronectin (Fig. 3D ). These data indicate that levels of COL15A1 are important for key smooth muscle phenotypes.
COL15A1 expression increases in atherosclerotic lesions
Male Apoe null mice were fed a Western diet for 13 weeks to advance atherosclerosis. Similarly, C57BL/6 mice were fed a chow diet for the same period. Aortas were harvested and quantitation of Col15a1 transcript levels in aorta and liver (n ¼ 5) of wild-type or Apoe null mice confirmed that vessels with disease have higher levels of Col15a1 compared with a tissue not involved with vessel atherosclerosis (liver) (Fig. 4A ). This was also true in human atherosclerotic vessels (n ¼ 88) (Fig. 4B ). These data provide in vivo evidence for the increase of COL15A1 transcript in response to atherosclerotic disease formation. 
COL15A1 is expressed in SMC rich regions of the aorta and fibrous cap
In order to determine the expression pattern of Col15a1 in an intact vessel and in the context of atherosclerosis, we isolated the aortic root from a mouse model of diet-induced atherosclerosis and control mice. Male Apoe null mice were fed a Western diet for 18 weeks to advance atherosclerosis. Similarly, C57BL/ 6 mice were fed a chow diet for the same period. Aortas were harvested, and the aortic root sectioned and stained for an SMC marker (Acta2) or Col15a1 (Fig. 5) . Staining showed that both Acta2 and Col15a1 were expressed in similar regions of the SMC rich media in control mice ( Fig. 5A and B) . Western diet fed Apoe null mice displayed atherosclerotic plaque formation, medial Acta2-and Col15a1-positive cells as seen in controls, and a cap predominantly constituted of Acta2-and Col15a1-positive cells ( Fig. 5C and D) . Localized expression of the protein in the lesion cap may suggest an important protective role for COL15A1 in lesion stability.
Polymorphisms in COL15A1 are associated with atherosclerosis
Given the effects of COL15A1 levels on smooth muscle phenotype, we hypothesized that sequence variants within COL15A1 that affect transcription of the molecule may also be associated with atherosclerosis. We identified 42 variants with low linkage disequilibrium (LD) that represent the known common genetic variation in the COL15A1 gene and assayed them in a wellcharacterized sample of aged atherosclerosis (CATHGEN) (26) . Approximately 500 Caucasian individuals aged .55 years were genotyped for genetic association analysis using an additive model to identify variants that are over-represented in individuals with atherosclerosis (Table 2 ). Cases and controls were chosen on the basis of extent of CAD as measured by CAD index (CADi, see Methods). We identified one variant (rs4142986, P ¼ 0.017) that was significantly associated with atherosclerosis and one variant (rs1413298, P ¼ 0.052) with borderline significance by logistic regression after adjusting for sex and known CAD risk factors (history of hypertension, history of diabetes mellitus, body mass index, history of dyslipidemia and smoking history). The rs4142986 variant is not in strong LD with any of the other variants tested. The maximum r 2 observed for rs4142986 is with rs1413298 (r 2 ¼ 0.2), raising the possibility that the association seen for rs1413298 may be due to this very low level of LD with rs4142986. Interestingly, both of these variants fall within a CpG site and, therefore, have the potential to be methylated. However, only one of these variants, rs4142986, also reside within one of differentially methylated regions we defined in our epigenetic screen (between SmaI sites 30 and 31, see Figs 2 and 6A). We hypothesized that the methylation state of the risk allele (C allele) of rs4142986 could play a role in expression of COL15A1, and that this could explain its association with disease. That is, if increased COL15A1 expression is atheroprotective, then methylation of rs4142986 may lead to decreased expression and make an individual more prone to disease.
The risk allele of rs4142986 is associated with a reduction in COL15A1 gene expression in human aorta and its methylation level is correlated with early atherosclerotic disease
In order to test the hypothesis that rs4142986 could play a causative role in the development of atherosclerosis by changing COL15A1 gene expression, we genotyped rs4142986 in 88 human aorta samples and assessed COL15A1 expression levels in relation to genotype (Fig. 6B) . Carriers of the rs4142986_C risk allele exhibit significantly decreased (P ¼ 0.003) levels of COL15A1, indicating that this polymorphism, or an SNP in LD with it, may control COL15A1 gene expression. The risk variant is a C/G SNP that resides in a CG site in the 30th intron of COL15A1. This SNP is located 33 bp downstream of the CpG site in SmaI site 30, which is a part of the cluster of sites in the 3 ′ end of the gene identified to change methylation status with age. We therefore hypothesized that the C allele of rs4142986 could be methylated, and that its methylation level would correlate with disease severity. DNA methylation was assessed at rs4142986 in aorta samples that were scored for disease using Sudan IV staining as a measure of lipid in the vessel (24) . We identified samples with each rs4142986 genotype and performed bisulfite cloned sequencing to assess the methylation levels in C/G and C/C individuals. DNA methylation was highest in C/C individuals, intermediate in C/G individuals, and not found in G/G individuals. The level of methylation correlated with the extent of disease; C/C individuals are the most methylated and most diseased (Fig. 6C) .
DISCUSSION
We report the results of a convergent analysis of genome-wide gene epigenetic and expression screens in aortic SMCs that feasibility of in vitro epigenetic and expression screening for a cellular phenotype can lead to the identification of novel genes and causative alleles for complex human disease research.
Known role of collagen type XV alpha 1
COL15A1 is a non-fibrillar member of the collagen superfamily that self-trimerizes via a central triple helix domain (27, 28) . This molecule is found in the basement membrane of many tissues (29, 30) and forms bridges between large collagenous bundles in vivo (31) . Although the exact cellular role of COL15A1 is unclear, its location and bridging ability suggest a role for the full-length protein in the stability of cellular matrices, allowing for resilience to mechanical forces (31) . A conventional knockout of Col15a1 exhibits subtle, complex phenotypes in both the cardiovascular and nervous systems (32) (33) (34) (35) . The mice are viable; however, under exercise-induced stress, they develop heart failure, muscle atrophy, and capillary rupture (32) . Under normal conditions, these mice exhibit a lowered cardiac ejection fraction at 1 month, which is compensated for by 5 months, in addition to poor capillary perfusion, which persists throughout the lifetime of the mouse (34) . In addition, the capillaries in cardiac muscle are tortuous and prone to rupture, which is most likely a function of the impaired basement membrane formation (32, 34) . Purified recombinant COL15A1 also has demonstrated effects on cell (fibrosarcoma HT1080 cells) adhesion and migration (36) . The addition of COL15A1 to a BSA (bovine serum albumin )/fibronectin coating on cell culture plates or a transwell plate significantly decreased the adhesion and migration of human fibrosarcoma cells, respectively (36) . Intriguingly, COL15A1 also produces a cleavage product called restin that shares 72% identity with COL18A1's endostatin molecule (37) . Injections of recombinant mouse endostatin significantly reduce angiogenesis and tumor growth in a mouse orthotopic injection model (38) , and overexpression of human COL15A1 in cervical carcinoma cells completely ablates their tumorigenicity (39) . Although both restin and endostatin have interesting antitumor effects, it is not yet known whether the previously described adhesive and migratory effects of COL15A1 on human fibrosarcoma cells are due to the full-length collagen, or to this cleavage product. The current literature is mixed on whether recombinant mouse restin has anti-proliferative or antimigratory effects on endothelial cells (40, 41) . This is clearly a rich avenue for further research, and COL15A1 or more likely, restin, may be a novel target for drug therapy for atherosclerotic diseases.
SMC-specific expression of COL15A1
The expression of Col15a1/COL15A1 in SMCs is of particular interest in the context of atherosclerosis. The process by which SMCs migrate from the media into the intima, and subsequently through the forming plaque to form a stabilizing fibrous cap (3, (42) (43) (44) , is dependent on extracellular matrix components (45) . COL15A1 is an extracellular matrix protein that affects both the proliferative and migratory phenotypes of proliferating SMCs, indicating that it may play an important role in the initiation of atherosclerosis. Its presence in the fibrous cap further suggests a role in stabilization and potential control of SMC phenotype. Given the weight of these data, we propose that epigenetic changes associated with replicative senescence of SMCs can control the phenotypic state and may play an essential role in SMC activation in the development of atherosclerosis.
The intersection of genetic and epigenetic susceptibility in atherosclerosis
It is clear that genetic predisposition plays a significant role in the etiology of complex disease. It is also increasingly apparent that epigenetic changes contribute to the pathophysiology of disease development (46) . However, chronic diseases such as obesity, atherosclerosis and diabetes, rather than being caused by these individual mechanisms, may also be partly driven by the intersection between the altered chromatin structure and their heritable genetic components (46) . Our approach began with the integration of genome-wide epigenetic and expression data to identify the molecular and cellular mechanisms underlying complex disease in an etiologically relevant tissue using a cellular model of age-related atherosclerosis. A single gene, COL15A1, satisfied numerous a priori molecular criteria at nominal significance levels. Further, we carried out genetic analysis and identified significant association of a nucleotide polymorphism that falls within a methylated CpG dinucleotide that is differentially methylated and contributes to the regulation of the gene in an allele specific manner. Our study highlights the importance of integrated analyses using independent datasets, particularly from genetic and epigenetic sources. The individual analysis of these datasets of complex disease may identify nominal significance of a given platform, however recognizing Figure 6 . A genetic variant in COL15A1 is associated with atherosclerosis, leads to reduced COL15A1 gene expression in human aorta and its methylation state is correlated with disease. (A) Forty-two tag SNPs were selected to cover all of the known genetic variation in COL15A1. These SNPs were genotyped in an atherosclerosis sample (CATHGEN) and allelic association with atherosclerosis was assessed using multivariable logistic regression modeling adjusting for sex and known CAD risk factors. Significant (SNP38) and trending (SNP 41) SNPs are indicated with arrows. Underlined SmaI sites indicate sites that change DNA methylation with passage. (B) COL15A1 gene expression was assessed in aorta tissue regardless of disease and the data were grouped by genotype. C allele carriers have a significant reduction in COL15A1 gene expression. (C) The C allele of rs4142986 is the minor allele and creates a putative DNA methylation site in a region of the gene that changes methylation with age. DNA methylation at rs4142986 was measured in aorta samples scored for disease (Sudan IV). DNA Methylation (%) is plotted versus disease for individuals of each genotype. There is a significant correlation with disease and increased methylation. ‡ P, mixed model (see methods); †P, Pearson's correlation, two-tailed.
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the intersection of genetic predisposition, aberrant epigenetic regulation and the functional surrogacy of differential expression, will facilitate the identification of novel genes and functionally important pathways, even in a model with the complexity of aging-dependent cardiovascular disease.
MATERIALS AND METHODS
Aortic SMC culture
Cryopreserved human aortic SMCs lot #6F3685 (derived from a 22-year old, Caucasian male) were obtained from Lonza (Walkersville, MD) at Passage 3 and cultured at Duke University. Cells were grown in T-75 SoLo Flasks Nunclon TM D (NUNC, Rochester, NY, USA) according to manufacturer's instructions (www. lonzabioscience.com). The initial proliferating culture was grown to 80% confluency in one T75 flask. These cells were counted one day after plating to determine the starting number of viable plated cells ( 300 000 cells), which was used to determine starting PD at Passage 5 ( 22 PD). From this initial culture, 3500 cells /cm 2 were plated in three separate flasks and were incubated at 378C for 96 h ( 80% confluency). Media was replaced every 48 h. Cells were grown in this fashion and reached 80% confluency in 4 days until Passage 14. At this point, cells were given additional time to reach 80% confluency as indicated. Each flask represents an individual biological replicate of the same genetic background, and these three replicates were used for the genome screen. Cryopreserved human aortic SMCs lot #7F4356 (derived from a 22-year old, Caucasian male) were obtained from Lonza (Walkersville, MD) at Passage 3 and cultured at the University of Virginia until Passage 8 under the same conditions described.
AoSMC DNA and RNA sample isolation DNA was isolated using the Gentra Puregene Cell kit from Qiagen (Valencia, CA, USA), and RNA was isolated using RNAlater and a Ribopure kit both from Ambion/Applied Biosystems (Foster City, CA). Complementary DNA (cDNA) was synthesized using an Illumina TotalPrep RNA amplification kit from Ambion/Applied Biosystems. Additionally, all COL15A1 findings were also confirmed using a different AoSMC line, lot 7F4356.
LUMA assay for global DNA methylation
A LUMA assay was performed as described in Karimi et al. (20) . Briefly, 200 ng of high-quality genomic DNA was double digested with HpaII and EcoRI or MspI and EcoRI (New England Biolabs, Ipswich, MA, USA) for 4 h at 378C. Pyrosequencing was performed using a Pyromark Q24 (Qiagen) in an SNP mode assay with the following sequence to be analyzed: ACTCGA. Each reaction was run in triplicate.
5-Aza-2
′ -deoxycytidine treatment 5-Aza-2 ′ -deoxycytidine was obtained from Sigma-Aldrich (St Louis, MO, USA) and diluted into SMG-2 media to 5 mM. Passage 5 and 8 cells were cultured to 70% confluence, and media with or without (mock control) 5-Aza-2 ′ -deoxycytidine was added to the flask. Cells were cultured for 72 h and harvested for nucleic acid purification.
Epigenetic screen
Methylated DNA from AoSMCs was isolated from cells (lot #6F3685) at Passages 5-8. DNAs from test and reference samples were prepared by the MCA method (47) . Briefly, DNA was digested with the methylation-sensitive restriction enzyme, SmaI, generating blunt end cuts followed by digestion with the methylation-insensitive restriction enzyme, XmaI, generating sticky ends. Adapters are ligated to the sticky ends following XmaI digest and the DNA is amplified as described (22) by a PCR using primers that anneal to the adapter sequences. The amplicons from the sample and control are then individually labeled with Cy5 and Cy3 fluorescent dyes. Passage 5 DNA was labeled with Cy5 and Cy3 and co-hybridized to the genomic tilepath microarray, this served as our experimental control of no change. Clones that performed poorly in the self-self experiments were discarded from the dataset (log2 ratio +/2 0.4, variance .0.3). Three biological replicates of the same genetic background at Passages 5 versus 8 were labeled with Cy3 and Cy5, respectively, and co-hybridized to a genomic microarray (23) . Data were collected using an Axon scanner and a Bluefuse microarray analysis program was used for data processing. The program incorporates Bayesian statistical models in the analysis and provides: (1) a more uniform analysis of the data by eliminating variability introduced by human examination, (ii) more reproducible results across experiments by normalizing experimental variation (Block Lowess) and (iii) an increased amount of usable data. The software exports the results in excel format. For each clone on the array, a normalized intensity value and user defined log 2 ratios (log2[p8 intensity/p5 intensity]) were exported from BlueFuse and the median log 2 ratio value for each experimental replicate was calculated. The control experiment, Passage 5 versus Passage 5, the same DNA hybridized to itself provided a baseline of clone variation. The experimental data (Passages 5 versus 8) were compared using a two-tailed t-test to identify significantly differentially methylated clones. We then correlated the sequence contained within these differentially methylated clones to the SmaI sites within the sequence, as well as localized annotated genes and predicted CpG islands, promoters and regulatory regions.
Gene expression using Illumina Beadarray
Global gene expression profiling was conducted for Passages 5 and 8 SMCs using Illumina Human WG-6 V2 BeadArrays as described by the manufacturer (Illumina, Inc., San Diego, CA, USA). Rank invariant normalization was applied to the raw data, and a two-tailed t-test was used to identify significant changes in gene expression between the two time points.
DNA methylation analysis
DNA (200 ng) was bisulfite treated using a MethylCode bisulfite conversion kit from Invitrogen (Carlsbad, CA, USA), and primers were designed to amplify each SmaI site within COL15A1. A PCR was performed on bisulfite converted DNA from Passages 5 and 8 with the following reaction conditions: 958C for 10 min (min), 35 cycles of 958C for 1 min, 558C for 1 min, 728C for 3 min, 728C for 10 min. PCRs were run on a 2% agarose gel and single bands corresponding to the predicted molecular weight of the product were extracted. DNA was isolated from gel fragments using a Qiagen Gel purification kit. DNA was TOPO-TA cloned using Invitrogen's TOPO-TA cloning kit. Twenty-four clones were picked and sequenced for each site. A minimum of 20 clones were used to determine percent methylation at each site. Primer sequences for each site are listed in Supplementary Material, Table S5 .
Quantitative RT-PCR
Applied Biosystems Taqman Gene expression assays were used to perform quantitative RT-PCR (COL15A1-Hs01559630_m1, CCDN1-Hs00765553_m1, DNMT1-Hs00154749, B2M-Hs 99999907_m1 and GAPDH -Hs02758991_g1). The following reaction components were used for each probe: 2 ml cDNA, 5 ml Custom TaqMan SNP master mix (Applied Biosystems), 0.5 ml assay and 2.5 ml water. Reactions were performed in a single 384-well plate in triplicate using an ABI PRISMw 7900HT sequence Detection System. PCR conditions were as follows:
Step 1: 508C for 2 min, Step 2: 958C for 10 min, Step 3: 40 cycles of 958C for 15 s followed by 608C for 1 min. Expression relative to GAPDH or B2M was calculated using 2 DDCt 42 .
Proliferation and migration assays
Cell proliferation assays were performed using Promega's CellTiter 96 Aqueous One Solution Cell Proliferation assay (Madison, WI, USA) according to the manufacturer's directions. Cell migration assays were performed on Millipore MultiScreen-MIC plates containing 8 mm pores. Cells at Passage 5 or 6 were grown to 70% confluence and then switched to serumfree media. A cell suspension (1 × 10 5 cells/ml, 150 ml) was added to the upper well in serum-free media containing 0.1% BSA (Sigma). Fibronectin (5 mg/ml, Sigma) was added to the bottom chamber in serum-free media with 0.1% BSA (FN-induced chemotaxis) . The chambers were incubated at 378C in a CO 2 incubator for 18 h, and fixed in 4% formaldehyde. The non-invaded cells were removed from the upper wells and the invaded cells were stained with 0.2% Crystal Violet solution in 7% ethanol. Cells from 8 to 10 randomly chosen high-power fields (magnification ×20) on the lower surface of the filter were counted (48) .
COL15A1 western analysis
Cells were lysed in RIPA with protease inhibitors. Cleared lysates were reduced and electrophoresed on a 3-8% NuPAGE Tris Acetate gel. Proteins were then transferred onto a nitrocellulose membrane. After an initial blocking with 3% dried milk in TBST, membranes were probed with 1 mg/ml Goat anti-COL15A1 (C-20) or anti-DNMT1 (H-300) (both from Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted in 3% BSA and incubated overnight at 48C. The membranes were then washed and incubated with a Donkey anti Goat IR-Dye 800CW (LI-COR Biosciences, Lincoln, NE, USA) diluted in blocking buffer. Membranes were then analyzed using the ODYSSEY Infrared Imaging System (LI-COR Biosciences).
Animals
Animal protocols were approved by the Animal Care and Use Committee at the University of Virginia. To accelerate atherosclerosis, mice were fed a Western atherogenic diet (Harlan Teklad, Madison, WI, USA) containing 21.2% fat by weight (0.2% by weight cholesterol, 17.3% by weight protein and 48.5% by weight carbohydrate) for 13 weeks (RNA quantiation) or 18 weeks (immunostaining).
Mouse aorta and liver samples and expression
Apoe null mice (male, 8 weeks of age) were obtained from The Jackson laboratory (Bar Harbor, ME, USA). Mice were fed a Western atherogenic diet for 13 weeks. C57BL/6 mice (male, 21 weeks of age) on a chow diet were used as a control. The Fast Prep FP120 (Q-Biogene) was used to homogenize tissues, and total RNA was prepared from aorta and liver. Col15a1 expression in each sample was normalized to Gapdh levels.
Human donor aorta samples and expression
Human aorta samples were collected from heart transplant donors as previously described (24, 26) . The study was approved by the Duke institutional review committee and all participants gave informed consent. DNA and RNA were isolated from each sample. Eighty-eight samples in total were analyzed representing 58 unique samples, as 30 individuals had more than one sample. As harvested tissue was obtained from deceased heart donors, the clinical data associated with these aortas are very limited and consists of age, sex and self-reported race (49) . All samples were scored for the presence of raised lesions and stained with Sudan IV to detect lipid accumulation as previously reported (49) . Cases (n ¼ 26) and controls (n ¼ 62) were determined using the following criteria: any evidence of raised lesions and Sudan IV staining was considered a case, while individuals with no raised lesions (RL ¼ 0) and no Sudan IV staining were considered controls. We were interested in the mean expression level of COL15A1 in the two groups, the standard deviation and then the test of significance of this difference. We performed the test using a mixed model to account for the fact that several individuals have more than one tissue sample and thus more than one expression value. We also adjusted for age, sex and race in the mixed model. Aorta genotyping was performed using Applied Biosystems Taqman allelic discrimination assays, and expression profiling was performed using Affymetrix GeneChip U95Av2 (Affymetrix, Santa Clara, CA, USA). Expression signal intensity values were log 2 transformed and normalized using quantile normalization. We analyzed cis effects of COL15A1 variants on COL15A1 expression using the Affymetrix tag 38427_at, representing the 3 ′ end of COL15A1. Because some subjects had multiple samples while others did not, we treated each individual and sample separately. The expression level of the tag was modeled using multiple linear regression including age, sex, race and additive genotype. To account for repeated measures (i.e. multiple sections per subjects) and as a validation, a mixed model as implemented in the SAS PROC MIXED procedure was utilized (SAS Institute Inc., Cary, NC, USA).
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COL15A1 immunostaining
Transverse sections of the aortic root were taken from a wildtype (C57/BL6) chow-fed mouse and an Apoe null mouse fed Western diet for 18 weeks (kindly provided by Dr Coleen McNamara, UVA). Immunostaining was performed on 4 mm paraffin sections that were deparaffinized and incubated in 20 mg/ml proteinase K (Sigma P6556) for 3 min at room temperature, followed by blocking with 2% normal sera and subsequent incubation with 5 mg/ml goat anti-human COL15A1 (C-20, Santa Cruz Biotechnology, Inc.) or biotinylated anti-a SMA (Sigma) overnight at 48C. After incubation with the AP -ABC complexes, immunoreactivity was visualized by incubation with alkaline phosphatase substrate (Vector Labs).
No antibody control experiments were performed in an identical fashion as described for COL15A1 staining, except that COL15A1 antibody was not added.
CAD case -control sample (CATHGEN)
CATHGEN participants (n ¼ 1279) were recruited sequentially through the cardiac catheterization laboratories at Duke University Hospital (Durham, NC, USA) with approval from the Duke Institutional Review Board. All participants undergoing catheterization were offered participation in the study and signed informed consent. Medical history and clinical data were collected and stored in the Duke Information System for Cardiovascular Care database maintained at the Duke Clinical Research Institute. Controls and cases were chosen on the basis of extent of CAD as measured by CADi. CADi is a numerical summary of coronary angiographic data that incorporates the extent and anatomical distribution of coronary disease. Affection status was determined by the presence of significant CAD defined as a CADi ≥ 74, equivalent to three-vessel disease with at least a 95% stenosis in the proximal left anterior descending coronary artery, as we have used for previous studies (26, 50) . A comparison of clinical characteristics between CATHGEN cases and unaffected controls has previously been presented (50) . An aged Caucasian sample was used for the analysis. Medical records were reviewed to determine the age of onset (AOO) of CAD, i.e. the age at first documented surgical or percutaneous coronary revascularization procedure, myocardial infarction (MI) or cardiac catheterization meeting the abovedefined CADi thresholds. The CATHGEN cases AOO . 55 years (n ¼ 250) and controls had an age at catheterization ≥60 years (n ¼ 220) and had no CAD as defined by coronary angiography and no documented history of MI, heart transplant, peripheral or cerebrovascular disease, or interventional or surgical coronary revascularization procedures.
SNP genotyping
The Human HapMap project (Release 24/phaseII Nov08) data and the algorithm Tagger (51) were used to generate tagSNPs for RP11-192E23 (clone identified in epigenetic screen, contains COL15A1) using data derived from the CEU population (Utah residents with ancestry from northern and western Europe), given that the CATHGEN sample used was Caucasian (26) . A total of 42 SNPs were genotyped at the Center for Human Genetics using Taqman allelic discrimination assays. A total of 15 quality control samples-composed of six reference genotype controls in duplicate, two CEPH pedigree individuals and one no-template sample, were included in each quadrant of the 384-well plate. SNPs that showed mismatches on quality control samples were reviewed by an independent genotyping supervisor for potential genotyping errors. All SNPs examined were successfully genotyped for 95% or more of the individuals in the study. Error rate estimates for SNPs meeting the quality control benchmarks were determined to be ,0.2%.
SNP statistical analysis
All SNPs were tested for deviations (P ≤ 0.0001) from HardyWeinberg equilibrium (HWE) in the affected and unaffected groups. Two SNPs deviated from HWE, rs7470221 (cases) and rs1413294 (cases). Neither of these SNPs was statistically significant in our association analysis. LD between pairs of SNPs (r 2 . 0.7) was assessed using the Graphical Overview of Linkage Disequilibrium package (52) . No strong LD (r 2 . 0.7) was found, confirming the tagSNP selection. Genetic association in the CATHGEN cases and controls was evaluated using multivariable logistic regression modeling, including the SNP genotype coded for an additive genetic model, i.e. zero, one or two copies of the minor allele. The model was adjusted for sex, and known CAD risk factors (history of hypertension, history of diabetes mellitus, body mass index, history of dyslipidemia and smoking history) as covariates. These adjustments could hypothetically allow us to control for competing genetic pathways that are independent risk factors for CAD, thereby allowing us to detect a separate CAD genetic effect. SAS 9.1 (SAS Institute, Cary, NC, USA) was used for statistical analysis.
